Introduction
============

Olodaterol (Striverdi^®^) is a novel, once-daily, long-acting β~2~-adrenergic receptor agonist (LABA) with high β~2~-selectivity that has recently obtained regulatory approval for the maintenance therapy of patients with COPD.[@b1-copd-11-585] A duration of bronchodilatory action over 24 hours was demonstrated in preclinical studies,[@b2-copd-11-585],[@b3-copd-11-585] and has been confirmed in Phase III clinical trials.[@b4-copd-11-585],[@b5-copd-11-585] In sum, the Phase III program demonstrated the long-term efficacy and safety of once-daily inhaled doses of 5 and 10 μg olodaterol in patients with moderate to very severe COPD continuing with usual-care maintenance therapy, with a satisfactory safety profile.[@b4-copd-11-585] The inhalation device used was the Respimat^®^ Soft Mist™ inhaler, which delivers medication as a nebulized aqueous solution.[@b6-copd-11-585]

The pharmacokinetics of olodaterol are linear,[@b7-copd-11-585] with a dose-proportional increase of systemic exposure observed after single inhaled doses of 2--40 μg.[@b8-copd-11-585] Liver and kidney functions are important intrinsic patient factors that can potentially affect pharmacokinetics, and the consequences of their impairment need to be investigated, especially if the patient population includes renally and hepatically impaired subjects.[@b9-copd-11-585],[@b10-copd-11-585] In the case of olodaterol, hepatic metabolism was identified as the principal route of elimination, in which the parent compound is substantially metabolized by direct glucuronidation and by *O*-demethylation at the methoxy moiety followed by conjugation.[@b7-copd-11-585] Of the six metabolites identified, only the unconjugated demethylation product of olodaterol (SOM 1522) is active at β~2~-adrenoceptors, but is generally not detectable in plasma after chronic inhalation of the therapeutic dose of 5 μg.[@b7-copd-11-585] In view of the significance of the hepatic metabolism pathways for olodaterol elimination, the first trial reported here was conducted to investigate the effect of impaired liver function on pharmacokinetics and safety of olodaterol.

In contrast, the kidneys represent only a minor elimination pathway for olodaterol, based on the findings in healthy subjects that olodaterol renal clearance accounts for less than 20% of the total plasma clearance.[@b7-copd-11-585],[@b11-copd-11-585] In addition, olodaterol has only a relatively low binding to plasma proteins of approximately 60%.[@b7-copd-11-585] Therefore, it can be expected that renal function impairment, which is often associated with a decrease in drug binding to plasma proteins, will not have a pronounced effect on the pharmacokinetics of olodaterol. Nevertheless, impaired renal function is known to be a concomitant disease in the patient population with COPD,[@b12-copd-11-585] as can also be expected from the average age of the patients participating in the Phase III trials of around 65 years.[@b4-copd-11-585],[@b5-copd-11-585] Therefore, the second trial presented here was also performed to assess the effects of renal impairment on the pharmacokinetics and safety of olodaterol. Both the hepatic and the renal impairment trials were conducted using inhaled single-dose administration via the Respimat Soft Mist inhaler, and employed trial designs recommended in current regulatory guidelines.[@b9-copd-11-585],[@b10-copd-11-585]

Subjects and methods
====================

Subjects
--------

### Hepatic impairment trial

A total of 32 males and females were eligible for inclusion, with ages in the specified range of 21--75 years. They comprised 16 subjects with impaired hepatic function and 16 healthy subjects, and were allocated to three different treatment groups. The Child--Pugh scoring system was used to evaluate the hepatically impaired subjects.[@b13-copd-11-585] The groups were 1) mild hepatic impairment (n=8), with Child--Pugh score 5--6 points; 2) moderate hepatic impairment (n=8), with Child--Pugh score 7--9 points; and 3) healthy subjects with normal hepatic function (n=16) who were matched to groups 1 and 2 with regard to sex, age (within ±7 years), and weight (within ±10%). The minimum creatinine clearance for inclusion was ≥70 mL·min^−1^ for healthy subjects and ≥40 mL·min^−1^ for subjects with mild or moderate hepatic impairment. The lower bound of the body mass index for inclusion was 18.5 kg·m^−2^, and the upper bound was 32 kg·m^−2^ for healthy subjects and 34 kg·m^−2^ for the hepatically impaired subjects.

Principal exclusion criteria were myocardial infarction 6 months before dosing, congestive heart failure of New York Heart Association grade III or IV, severe arrhythmia, cerebrovascular disorders, relevant gastrointestinal tract surgery, diseases of the central nervous system, psychiatric disorders, neurological disorders, evidence of hepatic encephalopathy related to chronic liver disease \> grade 2, resting heart rate \<45 or \>100 bpm or systolic blood pressure \<100 or \>160 mmHg, diastolic pressure \>95 mmHg, smokers consuming more than ten cigarettes, three cigars, or three pipes a day, excessive physical activities within 48 hours before or during the trial, asthma, or history of pulmonary hyperreactivity.

### Renal impairment trial

A total of 22 males and females were eligible for inclusion, with ages in the specified range of 21--75 years. They comprised 14 healthy subjects and eight subjects with severe renal impairment, defined as creatinine clearance \<30 mL·min^−1^ calculated by the Cockcroft--Gault formula. Eight healthy subjects were matched individually to the subjects with severe renal impairment with regard to sex, age (±7 years), and weight (±10%). The remaining six healthy subjects were matched to the average demographic data (age, sex, and weight) of the group of all enrolled subjects with renal impairment. Inclusion criteria for body mass index were as for the hepatic impairment trial. Exclusion criteria included any clinically relevant disease (not including renal impairment), any clinically relevant deviation from normal parameters in medical examinations (healthy group only), hepatic function impairment, history of asthma, and inability to refrain from smoking on trial days.

The subjects of the two trials were recruited in cooperation with several local hepatology and nephrology centers and the University Hospital of Kiel, Germany. The healthy subjects were recruited from the database of the trial center.

Trial design and treatments
---------------------------

These were two open-label, single-dose, parallel-group trials conducted in one center (CRS Clinical Research Services Kiel GmbH). The studies were approved by the ethics committees of Schleswig-Holstein, Bad Segeberg, Germany (hepatic impairment trial) and the State Chamber of Physicians of Schleswig-Holstein, Kiel, Germany (renal impairment trial), and were conducted in accordance with the Declaration of Helsinki, the International Conference on Harmonisation (ICH) guidelines for good clinical practice, and German drug law. All subjects provided written informed consent before entering the trial.

Trial restrictions included abstention from smoking and alcoholic beverages from 24 hours before the start of the treatment period until the last sample was collected. Methylxanthine-containing drinks or foods (coffee, tea, cola, energy drinks, chocolate, etc) were not permitted for the 48 hours preceding the administration of the trial medication and until 24 hours after the dosing. Apples, citrus fruits, in particular grapefruits and Seville oranges (sour or bitter oranges), and their juices, as well as products containing St John's wort were not permitted for the 5 days before the administration of trial medication and until the last pharmacokinetic procedure had been performed after drug administration. Physical stress had to be avoided during the course of the trials. Women of childbearing potential had to maintain adequate contraception throughout the trials.

During a screening period from 21 to 2 days before drug administration, subjects were assessed for eligibility, and the included subjects underwent a baseline evaluation on the day before trial-drug administration. A single orally inhaled dose of olodaterol was administered with the Respimat Soft Mist inhaler on trial day 1. In the hepatic impairment trial, the doses were 30 μg for healthy subjects (six actuations of 5 μg) and 20 μg for subjects with hepatic impairment (four actuations of 5 μg). In the renal impairment trial, both the impaired and healthy subject groups received a single 30 μg dose of olodaterol as six inhaler actuations of 5 μg. All trial subjects were instructed on the correct use of the inhalation device during two training sessions: one during the screening period, and a second on the day before the administration of the first dose. Particular attention was paid to the coordination between device actuation and adequate inhalation.

In order to ensure sufficient systemic exposure after a single dose in the trial subjects without compromising safety, the dose selected for healthy subjects and renally impaired subjects (30 μg) was three times the maximum anticipated therapeutic dose of 10 μg once daily that was under clinical investigation over 48 weeks in Phase III clinical trials.[@b4-copd-11-585],[@b5-copd-11-585] A dose that was only twice as high as the maximal therapeutic dose (20 μg) was selected for the hepatically impaired subjects, in consideration of the possibilities that plasma concentrations of olodaterol in these subjects might be elevated and that baseline potassium values may be altered toward the lower end of the reference range in patients with impaired hepatic function. On days 1--4 of both trials, blood and urine samples were collected for pharmacokinetic and safety measurements. An end-of-study examination was performed within 5--14 days after dosing.

Pharmacokinetics
----------------

Blood samples (10 mL) for the measurement of plasma concentrations of olodaterol and the active metabolite SOM 1522 were taken using ethylenediaminetetraacetic acid (EDTA) as anticoagulant from a forearm vein of each subject before dosing and at 5, 10, 20, 40 minutes, 1, 2, 4, 6, 8, 12, 24, 48, and 72 hours after dosing. Immediately after collection, the blood samples were centrifuged at 4--8°C for 10 minutes at 2,000--4,000× *g*. Plasma was prepared as two aliquots per time point and stored at −20°C until bioanalytical measurement. Urine fractions were collected for determination of olodaterol and SOM 1522 before dosing and at 0--8, 8--12, 12--24, 24--48, and 48--72 hours after dosing. Two 3 mL aliquots of each fraction were stored at −20°C until bioanalysis.

Plasma and urine concentrations of olodaterol and SOM 1522 were analyzed by validated high-performance liquid chromatography--mass spectrometry (HPLC-MS/MS) assays using \[D~3~\]olodaterol or \[D~3~\]SOM 1522 as an internal standard. The assays included sample cleanup by solid-phase extraction in the 96-well plate format. Chromatography was performed on analytical reverse-phase HPLC columns with gradient elution. The substances were detected and quantified using electrospray ionization in the positive-ion mode. The lower limit of quantification (LLOQ) was 2.0 pg·mL^−1^ for olodaterol and 10 pg·mL^−1^ for SOM 1522 in plasma samples, and 10 pg·mL^−1^ for olodaterol and 100 pg·mL^−1^ for SOM 1522 in urine samples. No relevant interference of endogenous compounds was observed in human plasma or urine samples with either assay. The calibration curves of plasma samples were linear over the range of concentrations 2.00--200 pg·mL^−1^ for olodaterol and 10.0--200 pg·mL^−1^ for SOM 1522 using a sample volume of 500 μL. The calibration curves of undiluted urine samples were linear over the range of concentrations 10.0--10,000 pg·mL^−1^ olodaterol using 300 μL urine and 100--10,000 pg·mL^−1^ SOM 1522 using 50 μL urine. In-study assay validation for olodaterol at three nominal concentrations yielded assay accuracy (expressed as a deviation from the target concentration) of 0.6%--3.6% (plasma) and −2.4% to 4.0% (urine) and precision (expressed as a coefficient of variation) of 3.0%--8.2% (plasma) and 2.0%--8.7% (urine). For the SOM 1522 in-study assay validation, three nominal concentrations resulted in assay accuracy of 2.8%--6.3% (plasma) and −0.2%--8.2% (urine) and precision of 2.9%--5.6% (plasma) and 0.5%--9.4% (urine).

The plasma protein binding of olodaterol was determined in both trials. On day 1 before dosing, 15 mL of blood from each subject was collected in three vials coated with EDTA and centrifuged at 2,500× *g* for 10 minutes at 4°C. The plasma samples obtained were frozen at −20°C. In vitro plasma protein binding was determined by equilibrium dialysis using ^3^H-radiolabeled olodaterol at a concentration of 10 pmol·L^−1^ (3.86 pg·mL^−1^).

Pharmacokinetic parameters were calculated using standard noncompartmental methods with WinNonlin^®^ Professional software (version 5.2; Pharsight Corporation, Mountain View, CA, USA). The primary end points of the hepatic impairment trial were area under the plasma concentration--time curve of olodaterol from 0 to 4 hours, divided by the dose (AUC~0--4,norm~) and peak plasma concentration of olodaterol, divided by the dose (*C*~max,norm~). The dose normalization was specified to facilitate comparison of results between the hepatically impaired subject groups that received a 20 μg dose and the healthy subject group that received a 30 μg dose. The primary end points of the renal impairment trial were area under the plasma concentration-time curve from time zero to 4 hours (AUC~0--4~) and *C*~max~. Further pharmacokinetic parameters calculated in both trials were AUC to time of last quantifiable plasma concentration (AUC~0--tz~), time to reach *C*~max~, fraction of olodaterol dose excreted unchanged in urine to t~z~ (fe~0--tz~), and renal clearance of olodaterol determined over 8 hours after dosing (CL~R,0--8~).

Safety and tolerability
-----------------------

Safety and tolerability were evaluated on the basis of adverse events, vital signs (blood pressure and pulse rate, 12-lead electrocardiography), clinical laboratory tests (hematology, coagulation, enzymes, hormones, substrates, electrolytes, urinalysis), medical examination, and investigator assessment of global tolerability. Serum potassium is known to be responsive to β~2~-agonists in general,[@b14-copd-11-585],[@b15-copd-11-585] in addition to its status as an established clinical safety parameter.[@b16-copd-11-585] Therefore, 1.2 mL of blood samples were collected for monitoring at 2 hours predose and at 30, 40 minutes, 1, 2, 3, 4, 6, and 8 hours after olodaterol dosing. Potassium was determined on the day of serum collection by an ion-selective electrode method. The reference range was 3.5--5.3 mmol·L^−1^.

Statistical methods
-------------------

Pharmacokinetic parameters of olodaterol were compared between the mild or moderate hepatic impairment groups (defined as "test") and the matched healthy subject group (defined as "reference"), and between the severely renally impaired group ("test") and the matched healthy subject group ("reference"), using analysis of variance (ANOVA). This model included the fixed effect for the corresponding subject groups with normal or impaired hepatic/renal function, depending on the study. The pharmacokinetic parameters were log-transformed before fitting the ANOVA model. The difference between the expected means for log~test~ -- log~reference~ was estimated by the difference in the corresponding least square means (point estimate). Two-sided 90% confidence intervals based on the *t*-distribution were computed. These quantities were then back-transformed to the original scale to give the point estimator (geometric mean) and interval estimates for the median intrasubject ratio between the test and reference pharmacokinetic parameters. No explicit power calculation for determination of sample size was performed, because of practical constraints on the numbers of patients with hepatic or renal dysfunction that could be recruited, especially those with moderate or severe impairment. The number of patients selected was in conformance with the regulatory guidelines.[@b9-copd-11-585] In the renal impairment trial, the relationship between creatinine clearance and the pharmacokinetic parameters AUC~0--4~ and *C*~max~ was investigated by linear regression analysis.

Results
=======

Trial population
----------------

### Hepatic impairment trial

A total of 32 subjects were treated, with baseline demographics given in [Table 1](#t1-copd-11-585){ref-type="table"}. All subjects completed the trial and were included in the pharmacokinetic, pharmacodynamic, and safety analysis. In one healthy subject, olodaterol plasma concentrations were below LLOQ (2 pg·mL^−1^), but the urine concentrations were measurable. In a further subject with moderate hepatic impairment, an olodaterol plasma concentration with magnitude comparable to *C*~max~ was detected in the predose sample. As this was an implausible finding, the plasma-concentration data of this subject were excluded from the final pharmacokinetic analysis. It was however confirmed by additional analysis including the respective data that this omission did not affect the overall trial conclusions ([Tables S1](#SD1-copd-11-585){ref-type="supplementary-material"} and [S2](#SD2-copd-11-585){ref-type="supplementary-material"}). Urine data of this subject were used.

### Renal impairment trial

A total of 22 subjects were treated, with baseline demographics also shown in [Table 1](#t1-copd-11-585){ref-type="table"}. All subjects completed the trial and were included in the pharmacokinetic and safety analysis. In one subject with severe renal impairment and one healthy subject, olodaterol plasma concentrations were below LLOQ. Olodaterol was measurable in the urine fractions of all treated subjects.

Pharmacokinetics
----------------

### Hepatic impairment trial

The plasma concentration--time profiles of the trial groups are shown in [Figure 1](#f1-copd-11-585){ref-type="fig"} and the pharmacokinetic parameters in [Table 2](#t2-copd-11-585){ref-type="table"}. Olodaterol plasma concentrations were quantifiable up to at least 1 hour after dose administration for the trial subjects, with the exception of the one healthy subject described in the Subjects and methods section. *C*~max~ was reached within 7 minutes to 2 hours after inhalation. The t~z~ was highly variable between subjects, but was generally later in the healthy subjects dosed with 30 μg olodaterol than in the subjects with hepatic impairment dosed with 20 μg ([Table 2](#t2-copd-11-585){ref-type="table"}). The geometric mean ratios and 90% confidence intervals of dose-normalized *C*~max~ and AUC~0--4~ for the mild and moderate hepatic impairment subject groups compared to the healthy subjects are given in [Table 3](#t3-copd-11-585){ref-type="table"}. The geometric mean ratios were close to unity and the confidence intervals included unity, indicating similar systemic exposure between both subject groups with hepatic impairment and the healthy subjects.

Quantifiable olodaterol concentrations in urine fractions were found up to 48--72 hours after inhalation. The fe~0--tz~ and CL~R,0--8~ values of the three subject groups are given in [Table 2](#t2-copd-11-585){ref-type="table"}. Both of these parameters were slightly higher (geometric mean) in the healthy subjects compared to the two hepatically impaired groups, but their between-subject variability was also relatively high ([Table 2](#t2-copd-11-585){ref-type="table"}).

The in vitro plasma protein binding of olodaterol was very similar between the groups: 59.8%±4.5% (mean ± standard deviation) for the healthy subjects, 62.8%±8.9% for the subjects with mild hepatic impairment, and 56.6%±6.2% for the subjects with moderate hepatic impairment. Concentrations of the metabolite SOM 1522 in plasma were below the LLOQ (10 pg·mL^−1^) at all plasma-sampling time points of all subjects. In urine, only very small amounts (8.0--130 ng) were detected in a very small number of the urine fractions taken from all subjects. It was thus not possible to perform a pharmacokinetic analysis on SOM 1522.

### Renal impairment trial

The plasma concentration--time profiles in each group are shown in [Figure 2](#f2-copd-11-585){ref-type="fig"} and the pharmacokinetic parameters in [Table 4](#t4-copd-11-585){ref-type="table"}. Olodaterol plasma concentrations were below LLOQ in two subjects as described earlier, but were quantifiable up to at least 2 hours after dosing in all other subjects. *C*~max~ was reached within 8 minutes to 1 hour after inhalation. The t~z~ was highly variable between subjects ([Table 4](#t4-copd-11-585){ref-type="table"}).

Quantifiable olodaterol concentrations in urine fractions were found up to at least 12 hours after inhalation for subjects with severe renal impairment and up to 72 hours for healthy subjects. The fe~0--tz~ and renal clearance CL~R,0--8~ values of the subject groups are given in [Table 4](#t4-copd-11-585){ref-type="table"}. Geometric mean fe~0--tz~ was decreased by a factor of 5.6 in the severely renally impaired subjects (0.411%) compared to the healthy subjects (2.31%).

The geometric mean ratios and 90% confidence intervals of *C*~max~, AUC~0--4~, and CL~R,0--8~ for the severely renally impaired subject group compared to the healthy subjects are given in [Table 3](#t3-copd-11-585){ref-type="table"}. The results show 36.6% higher average maximum systemic exposure (*C*~max~) and 35.2% higher average total systemic exposure (AUC~0--4~) in the severely renally impaired group, but with wide confidence intervals that include unity. CL~R,0--8~ in the severely renally impaired group was only 20.1% of the magnitude in healthy subjects, with narrower confidence intervals not including unity. Linear regression analysis of AUC~0--4~ and *C*~max~ on creatinine clearance yielded no significant relationship, with very low coefficients of determination (*R*^2^) of 0.160 and 0.117, respectively.

The in vitro plasma protein binding of olodaterol was very similar between groups: 60.1%±3.8% (mean ± standard deviation) for the healthy subjects and 63.7%±3.6% for the subjects with severe renal dysfunction. Concentrations of the metabolite SOM 1522 in plasma were below LLOQ at all plasma-sampling time points of all subjects. In urine, very small amounts (43.8--209 ng) were detected in a small number of the urine fractions from the healthy subjects only. It was thus not possible to perform a pharmacokinetic analysis on SOM 1522.

Safety
------

### Hepatic impairment trial

No severe, serious, significant, or other significant adverse events (according to ICH E3) occurred, and none of the subjects discontinued the trial due to an adverse event. Of the 32 treated subjects, adverse events of mild intensity occurred in two subjects from the moderate hepatic impairment group. Both subjects exhibited serum potassium concentrations that were slightly below the reference range at baseline (3.0 and 2.9 mmol·L^−1^, respectively) and which decreased to minima of 2.8 and 2.5 mmol·L^−1^, respectively, between 2 and 3 hours after olodaterol administration. Potassium chloride was administered 6 hours after olodaterol dosing, and the serum values normalized within 8 hours. Both adverse events were assessed as drug related. The time course of mean serum potassium concentrations is shown in [Figure 3A](#f3-copd-11-585){ref-type="fig"}. Mean baseline values were lowest in the moderate hepatic impairment group (3.86±0.55 mmol·L^−1^), due to the influence of the two subjects described earlier, followed by the mild hepatic impairment (4.19±0.33 mmol·L^−1^) and healthy subject groups (4.26±0.22 mmol·L^−1^). There were only minor fluctuations in mean potassium concentrations in any group (6% or less from baseline) over the further time course up to 8 hours.

### Renal impairment trial

Three of the 22 treated subjects experienced four adverse events, which were all in the healthy subject group (back pain, headache, and cough). None of the subjects with severe renal impairment experienced an adverse event. All adverse events were mild or moderate in intensity, and had resolved by the end of the trial. No adverse event was judged by the investigator as causally related to olodaterol, and no subject discontinued the trial prematurely due to the occurrence of an adverse event. The time course of mean serum potassium concentrations is shown in [Figure 3B](#f3-copd-11-585){ref-type="fig"}. Mean baseline values were 15% higher in the severely renally impaired group (4.67±0.62 mmol·L^−1^) than in the healthy subjects (4.11±0.29 mmol·L^−1^). Here also, over the further time course up to 8 hours, there were only minor fluctuations in mean potassium concentrations of 5% or less from baseline.

Discussion
==========

These two clinical trials systematically assessed the influence of mild or moderate hepatic impairment and of severe renal impairment on the pharmacokinetics and safety of single doses of inhaled olodaterol, compared to healthy control subjects who were matched closely to the organ function-impaired subjects with regard to sex, age, and body weight ([Table 1](#t1-copd-11-585){ref-type="table"}). The pharmacokinetic parameters estimated for these four types of subjects ([Tables 2](#t2-copd-11-585){ref-type="table"} and [4](#t4-copd-11-585){ref-type="table"}) complement previous results that were obtained after single doses of 2--40 μg in COPD patients.[@b8-copd-11-585]

In both trials, the *C*~max~ of olodaterol at the selected doses was in the low pg·mL^−1^ range and rapidly decreased to levels below the assay LOQ of 2 pg·mL^−1^. Reliable estimation of terminal half-lives and the total exposure AUC~0--∞~ was thus not possible. As a consequence, in the majority of the study subjects, only the early systemic exposure as represented by the parameters *C*~max~ and AUC~0--4~ could be assessed and statistically evaluated as primary end points for both trials, with dose normalization where appropriate.

In the hepatic impairment trial, subjects in both the moderate and mildly impaired groups exhibited primary pharmacokinetic parameters that were closely similar to those in the normal subjects ([Table 2](#t2-copd-11-585){ref-type="table"} \[AUC~0--4,norm~ and *C*~max,norm~\] and [Table 3](#t3-copd-11-585){ref-type="table"} \[geometric mean ratios and confidence intervals\]). Although the geometric mean ratios (point estimators) were close to 100% ([Table 3](#t3-copd-11-585){ref-type="table"}), the 90% confidence intervals were wider than the acceptance range of 80%--125% that would be applied in bioequivalence testing. Narrower confidence intervals could have been obtained by entering more subjects, but the sample sizes employed in this study ([Table 2](#t2-copd-11-585){ref-type="table"}) were based on ethical and practical considerations and were judged adequate and consistent with the regulatory guidelines.[@b9-copd-11-585] The important finding is that systemic exposure to olodaterol was not increased as a result of reduced hepatic function. Evidently, the capacity for biotransformation of olodaterol in the liver by glucuronidation and oxidation was still adequate for the relatively low dose, even under conditions of moderate hepatic insufficiency.

Subjects with severe renal impairment showed slightly higher average AUC~0--4~ (35%) and *C*~max~ (37%) than healthy subjects with normal renal function ([Tables 3](#t3-copd-11-585){ref-type="table"} and [4](#t4-copd-11-585){ref-type="table"}). The renal excretion of unchanged olodaterol accounts for less than 20% of its overall elimination.[@b7-copd-11-585],[@b11-copd-11-585] Therefore, even the observed 80% decrease of renal clearance in severe renal impairment is expected to translate into only a minor decrease of total clearance of olodaterol, and thus into only slightly increased systemic exposure. The magnitude of the observed difference in systemic exposure between the renally impaired subjects and the subjects with normal renal function may indicate that in addition to renal clearance, nonrenal clearance and/or the volume of distribution of olodaterol might be affected. An influence of renal impairment on nonrenal elimination is described in the literature for several other drugs, although the underlying mechanisms are incompletely understood.[@b17-copd-11-585] However, as evident from the confidence intervals of the *C*~max~ and AUC~0--4~ ratios being wide and including unity, the sample size in the present trial was not sufficiently large to exclude overall between-subject variability as a cause for the observed differences in exposure between subjects with severe renal impairment and healthy subjects.

The currently recommended dose of olodaterol in COPD therapy is 5 μg once daily, but the twofold higher dose of 10 μg once daily was also shown to be well tolerated and safe when administered over 48 weeks in Phase III studies.[@b4-copd-11-585],[@b5-copd-11-585] Given the known linear pharmacokinetics of olodaterol, a moderate increase of systemic exposure, as observed in the renal impairment study, is thus not expected to give rise to safety concerns.

Olodaterol was well tolerated in both trials. In the hepatic impairment trial, the two adverse events consisted of decreased serum blood potassium observed in subjects with moderate hepatic impairment and resulted in a potassium decrease below the standard reference range. However, the predose potassium levels of those subjects were already low with regard to the reference range, which is a frequent clinical observation in patients with altered liver function.[@b16-copd-11-585] Both events were of mild intensity and assessed as drug related. The events were treated with concomitant medication and were recovered at the end of the trial. Such effects on serum potassium (temporary potassium shift) are a known class effect of β~2~-mimetic compounds.[@b14-copd-11-585],[@b15-copd-11-585],[@b18-copd-11-585] No adverse events were observed in healthy volunteers and subjects with mild hepatic impairment. No severe, serious, or significant adverse events were observed. In the renal impairment trial, olodaterol was equally well tolerated by subjects with severe renal impairment and healthy subjects. Adverse events were observed in healthy subjects only, and none was characterized by the investigator as related to treatment with olodaterol or involved serum potassium concentrations. Safety laboratory data and vital signs did not indicate any treatment-related untoward reactions.

The plasma protein binding of olodaterol was unaltered by either hepatic impairment or renal impairment compared to normal subjects. The pharmacologically active olodaterol metabolite SOM 1522 was not detectable in the plasma of any subject in either trial. Therefore, there is no indication that this metabolite could reach pharmacologically relevant systemic exposure in hepatic or renal impairment.

Conclusion
==========

In conclusion, single oral doses of olodaterol were safe and well tolerated in the trial subjects. Impaired hepatic or renal function did not translate into a clinically relevant change of systemic exposure to olodaterol compared to normal subjects.

Supplementary materials
=======================

Sensitivity analysis
--------------------

###### 

Pharmacokinetic parameters of olodaterol after administration of a single inhaled dose of 20 μg to subjects with moderate hepatic impairment

  Parameter                                                Unit                 Subject 19 included   Subject 19 excluded                              
  -------------------------------------------------------- -------------------- --------------------- --------------------- -------------- --- ------- --------------
  *C*~max~                                                 pg·mL^−1^            8                     8.58                  47.2           7   7.74    38.0
  *C*~max,norm~                                            pg·mL^−1^·μg^−1^     8                     0.429                 47.2           7   0.387   38.0
  t~max~[a](#tfn7-copd-11-585){ref-type="table-fn"}        hours                8                     0.367                 0.200--0.383   7   0.367   0.200--0.383
  AUC~0--4~                                                pg·h·mL^−1^          7                     19.7                  45.9           6   17.4    32.4
  AUC~0--4,norm~                                           pg·h·mL^−1^·μg^−1^   7                     0.987                 45.9           6   0.871   32.4
  AUC~0--tz~                                               pg·h·mL^−1^          8                     26.3                  182            7   19.7    123
  t~z,plasma~[a](#tfn7-copd-11-585){ref-type="table-fn"}   hours                8                     10.0                  1.05--47.9     7   8.03    1.05--12.1

**Note:**

Median and range.

**Abbreviations:** gMean, geometric mean; gCV, geometric coefficient of variation; *C*~max~, maximum observed plasma concentration; *C*~max,norm~, *C*~max~ divided by the dose; t~max~, time to *C*~max~; AUC, area under the curve; t~z~, time to last quantifiable plasma concentration.

###### 

Geometric mean ratios and 90% CIs of olodaterol pharmacokinetic parameters in subjects with moderate hepatic impairment versus healthy subjects

  Parameter                 Unit                 n   Ratio vs healthy subjects, %   Between-subject gCV%   Two-sided 90% CI   
  ------------------------- -------------------- --- ------------------------------ ---------------------- ------------------ -------
  **Subject 19 included**                                                                                                     
  *C*~max,norm~             pg·mL^−1^·μg^−1^     8   109.8                          43.3                   80.6               149.5
  AUC~0--4,norm~            pg·h·mL^−1^·μg^−1^   7   119.0                          38.8                   88.9               159.3
  **Subject 19 excluded**                                                                                                     
  *C*~max,norm~             pg·mL^−1^·μg^−1^     7   99.0                           41.1                   72.7               134.7
  AUC~0--4,norm~            pg·h·mL^−1^·μg^−1^   6   105.1                          35.8                   79.0               139.9

**Abbreviations:** CI, confidence interval; gCV, geometric coefficient of variation; *C*~max~, maximum observed plasma concentration; *C*~max,norm~, *C*~max~ divided by the dose; AUC, area under the curve.
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![Geometric mean plasma concentration--time profiles after single inhaled administration of 20 μg olodaterol in subjects with mild ( ) and moderate ( ) hepatic impairment and 30 μg olodaterol in healthy subjects ( ).\
**Notes:** Geometric mean data are shown at sampling time points where at least three subjects had quantifiable olodaterol plasma concentrations. Dashed line: lower limit of quantitation of the bioanalytical assay for olodaterol.](copd-11-585Fig1){#f1-copd-11-585}

![Geometric mean plasma concentration--time profiles after single inhaled administration of 30 μg olodaterol in subjects with severe renal impairment ( ) and healthy subjects ( ).\
**Notes:** Geometric mean data are shown at sampling time points where at least three subjects had quantifiable olodaterol plasma concentrations. Dashed line: lower limit of quantitation of the bioanalytical assay for olodaterol.](copd-11-585Fig2){#f2-copd-11-585}

![Time course of serum potassium concentrations by subject group (mean ± SD).\
**Notes:** (**A**) Hepatic impairment study: mild hepatic impairment ( ), moderate hepatic impairment ( ), healthy subjects ( ). (**B**) Renal impairment study: severe renal impairment ( ), healthy subjects ( ).\
**Abbreviation:** SD, standard deviation.](copd-11-585Fig3){#f3-copd-11-585}

###### 

Demographics and baseline characteristics of all subjects in the hepatic and renal impairment studies

  Trial 1222.20     Healthy subjects   Mild hepatic impairment   Moderate hepatic impairment   Trial 1222.35     Healthy subjects   Severe renal impairment
  ----------------- ------------------ ------------------------- ----------------------------- ----------------- ------------------ -------------------------
  n                 16                 8                         8                             n                 14                 8
  Sex, n (%)                                                                                   Sex, n (%)                           
  Male              12 (75)            6 (75)                    6 (75)                        Male              11 (78.6)          6 (75.0)
  Female            4 (25)             2 (25)                    2 (25)                        Female            3 (21.4)           2 (25.0)
  Age, years                                                                                   Age, years                           
  Mean              54.1               51.9                      56.5                          Mean              57.6               59.4
  SD                9.6                8.9                       9.4                           SD                8.9                11.5
  Minimum/maximum   36/70              42/70                     40/67                         Minimum/maximum   39/70              39/73
  Height, cm                                                                                   Height, cm                           
  Mean              174.8              178.1                     174.6                         Mean              177.4              175.4
  SD                9.3                8.3                       9.3                           SD                7.1                6.7
  Minimum/maximum   154/188            164/190                   160/183                       Minimum/maximum   164/188            167/184
  Weight, kg                                                                                   Weight, kg                           
  Mean              83.4               88.6                      84.9                          Mean              81.7               77.0
  SD                13.9               17.5                      18.7                          SD                10.3               15.0
  Minimum/maximum   54/100             53/105                    60/110                        Minimum/maximum   71/102             65/110

**Abbreviation:** SD, standard deviation.

###### 

Pharmacokinetic parameters of olodaterol after administration of a single inhaled dose of 20 μg to subjects with mild or moderate hepatic impairment and 30 μg to healthy subjects

  Parameter                                                Unit                 Mild hepatic impairment   Moderate hepatic impairment   Healthy subjects                                           
  -------------------------------------------------------- -------------------- ------------------------- ----------------------------- ------------------ --- ------- -------------- ---- ------- --------------
  *C*~max~                                                 pg·mL^−1^            8                         8.77                          51.3               7   7.74    38.0           15   11.7    36.8
  *C*~max,norm~                                            pg·mL^−1^·μg^−1^     8                         0.439                         51.3               7   0.387   38.0           15   0.391   36.8
  t~max~[a](#tfn2-copd-11-585){ref-type="table-fn"}        hours                8                         0.200                         0.117--2.05        7   0.367   0.200--0.383   15   0.217   0.133--0.400
  AUC~0--4~                                                pg·h·mL^−1^          8                         16.0                          38.4               6   17.4    32.4           15   24.9    35.6
  AUC~0--4,norm~                                           pg·h·mL^−1^·μg^−1^   8                         0.802                         38.4               6   0.871   32.4           15   0.829   35.6
  AUC~0--tz~                                               pg·h·mL^−1^          8                         18.8                          62.2               7   19.7    123            15   45.9    78.9
  t~z,plasma~[a](#tfn2-copd-11-585){ref-type="table-fn"}   hours                8                         6.04                          1.05--8.05         7   8.03    1.05--12.1     15   12.1    4.05--48.0
  CL~R,0--8~                                               mL·min^−1^           8                         180                           58.5               6   169     67.8           15   214     46.3
  fe~0--tz~                                                \%                   8                         3.31                          50.4               8   2.86    76.8           16   3.61    77.4
  t~z,urine~[a](#tfn2-copd-11-585){ref-type="table-fn"}    hours                8                         72.0                          72.0--72.0         8   72.0    8.00--72.0     16   72.0    8.00--72.0

**Note:**

Median and range.

**Abbreviations:** gMean, geometric mean; gCV, geometric coefficient of variation; *C*~max~, maximum observed plasma concentration; *C*~max,norm~, *C*~max~ divided by the dose; t~max~, time to *C*~max~; AUC, area under the curve; t~z~, time to last quantifiable plasma or urine concentration; CL~R~, renal clearance; fe, fraction of dose excreted in the urine.

###### 

Geometric mean ratios and 90% CIs of olodaterol pharmacokinetic parameters of hepatically or renally impaired subjects versus healthy subjects

  Parameter                         Unit                 n   Ratio vs healthy subjects, %   Between-subject gCV%   Two-sided 90% CI   
  --------------------------------- -------------------- --- ------------------------------ ---------------------- ------------------ -------
  **Mild hepatic impairment**                                                                                                         
  *C*~max,norm~                     pg·mL^−1^·μg^−1^     8   112.2                          41.1                   83.6               150.7
  AUC~0--4,norm~                    pg·h·mL^−1^·μg^−1^   8   96.7                           35.8                   74.6               125.3
  **Moderate hepatic impairment**                                                                                                     
  *C*~max,norm~                     pg·mL^−1^·μg^−1^     7   99.0                           41.1                   72.7               134.7
  AUC~0--4,norm~                    pg·h·mL^−1^·μg^−1^   6   105.1                          35.8                   79.0               139.9
  **Severe renal impairment**                                                                                                         
  *C*~max~                          pg·mL^−1^            7   136.6                          65.5                   84.1               222.0
  AUC~0--4~                         pg·h·mL^−1^          7   135.2                          47.5                   93.7               195.0
  CL~R,0--8~                        mL·min^−1^           7   20.1                           59.2                   12.9               31.3

**Abbreviations:** gCV, geometric coefficient of variation; CI, confidence interval; *C*~max~, maximum observed plasma concentration; *C*~max,norm~, *C*~max~ divided by the dose; AUC, area under the curve; CL~R~, renal clearance.

###### 

Pharmacokinetic parameters of olodaterol after administration of a single inhaled dose of 30 μg to subjects with severe renal impairment and healthy subjects

  Parameter                                                Unit          Severe renal impairment   Healthy subjects                               
  -------------------------------------------------------- ------------- ------------------------- ------------------ -------------- ---- ------- -------------
  *C*~max~                                                 pg·mL^−1^     7                         11.1               96.3           13   8.15    48.0
  t~max~[a](#tfn5-copd-11-585){ref-type="table-fn"}        hours         7                         0.383              0.233--0.717   13   0.233   0.133--1.08
  AUC~0--4~                                                pg·h·mL^−1^   7                         23.4               65.4           13   17.3    36.8
  AUC~0--tz~                                               pg·h·mL^−1^   7                         37.5               159            13   27.6    104
  t~z,plasma~[a](#tfn5-copd-11-585){ref-type="table-fn"}   hours         7                         12.1               2.05--24.1     13   6.08    2.07--48.1
  CL~R,0--8~                                               mL·min^−1^    7                         35.9               48.4           13   179     64.2
  fe~0--tz~                                                \%            8                         0.411              161            14   2.31    107
  t~z,urine~[a](#tfn5-copd-11-585){ref-type="table-fn"}    hours         8                         48.0               12.0--72.0     14   72.0    24.0--72.0

**Note:**

Median and range.

**Abbreviations:** gMean, geometric mean; gCV, geometric coefficient of variation; *C*~max~, maximum observed plasma concentration; t~max~, time to *C*~max~; AUC, area under the curve; t~z~, time to last quantifiable plasma or urine concentration; CL~R~, renal clearance; fe, fraction of dose excreted in the urine.
